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ABSTRACT 
 
Mechanical compliance has been demonstrated to be a key determinant of cell 
behavior, directing processes such as spreading, migration, and differentiation. 
Durotaxis, directional migration from softer to more stiff regions of a substrate, 
has been observed for a variety of cell types on mechanical gradients with 
absolute stiffnesses and gradient rates spanning multiple orders of magnitude. 
Recent stiffness mapping experiments have shown that local changes in tissue 
stiffness in disease are often accompanied by an altered extracellular matrix 
composition in vivo. However, the importance of extracellular matrix composition 
in cellular responses to mechanical gradients has not yet been thoroughly 
explored.  
 
To address this problem, we have developed a method to produce 
polyacrylamide hydrogels featuring highly tunable gradients in mechanical 
stiffness that allow for independent control of the absolute substrate stiffness and 
gradient rate. Maskless lithography is used to micropattern glass slides with 
hydrophobic and hydrophilic silanes to constrain the geometry of pre-gel 
v 
solutions and establish a predictable cross-linker diffusion gradient, resulting in 
consistent linear mechanical gradients upon polymerization. This feature, 
together with the ability to control ECM composition independent of substrate 
stiffness, allows us to isolate the effects of mechanical and biological signals on 
cell migratory behavior. Using this system, we have tracked the migration of 
vascular smooth muscle cells and NIH 3T3 fibroblasts in vitro on mechanical 
gradient and uniform stiffness hydrogels and quantitatively analyzed differences 
in cell migration as a function of extracellular matrix composition.  
 
Our results show that both vascular smooth muscle cells and NIH 3T3 fibroblasts 
will exhibit durotaxis on mechanical gradients coated with fibronectin but not on 
those coated with laminin, demonstrating that extracellular matrix type can act as 
a regulator of a cell’s response to mechanical gradients.  Interestingly, NIH 3T3 
fibroblasts were also observed to migrate randomly on gradients coated with a 
mixture of both fibronectin and laminin, suggesting that there may be a complex 
interplay in the cellular response to mechanical gradients in the presence of 
multiple extracellular matrix signals. These findings indicate that the composition 
of the adhesion ligand is a critical determinant of a cell’s migratory response to 
mechanical gradients. 
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Chapter 1. Introduction and Specific Aims 
 
1.1 Cell migration is driven by environmental cues 
The ability of cells to migrate is essential to numerous biological processes, 
including cancer metastasis, embryonic development, and wound healing. Cells 
have been observed to migrate in response to a variety of directional 
environmental cues in vitro and in vivo. The earliest documented and most well 
characterized, variation of this phenomenon is chemotaxis, the directional 
migration of cells in response to gradients in soluble chemical signals (1), which 
has been implicated in the inflammatory response, cancer metastasis, and 
embryogenesis (2–4). Taxis responses have also been documented in response 
to gradients in adhesion ligand density (haptotaxis) (5, 6), light intensity 
(phototaxis) (7), and electrical potential (galvanotaxis) (8, 9). More recently, 
migration in response to gradients in mechanical stiffness has been observed, in 
which cells are reported to migrate preferentially from regions of lower stiffness to 
higher stiffness, a process termed durotaxis (10, 11).  
 
1.2 Role of mechanical stiffness in modulating cell behaviors 
Extracellular matrix stiffness has increasingly come to be seen as an important 
regulator of cell behavior, driven by observations of numerous cell functions 
being modulated by substrate stiffness and by observations of the prevalence of 
tissue stiffness changes in disease. Physiological stiffness is known to vary over 
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many orders of magnitude, from as low as tens to hundreds of pascals in brain 
and adipose tissue to megapascals and gigapascals in tendon and in bone, 
respectively, with the majority of soft tissues falling in the stiffness range of 
hundreds of pascals to tens of kilopascals (12, 13). Additionally, matrix stiffness is 
known to change in both development and disease, likely leading to changes in 
cell behavior. For instance, in pulmonary fibrosis, increasing stiffness of lung 
tissue is believed to contribute to increased myofibroblast proliferation (14–16). A 
substantial effort has been made to understand how changes in stiffness modify 
the behaviors of cells in vitro. Stiffness has been demonstrated to alter cell 
adhesion and proliferation rates (17), cell-cell attachment (18), sensitivity of cells 
to soluble factors (19, 20), differentiation of cells into various lineages (21–23), 
magnitude of traction forces applied to substrates (24–26), and rates of cell 
migration (27, 28). 
 
In light of the substantial behavioral changes cells can exhibit in response to 
changes in environmental stiffness, further efforts have been made to 
characterize local changes in stiffness in disease. Although there have been 
limited reports of specifically measured in vivo gradients (29), a number of recent 
stiffness mapping measurements imply the presence of stiffness gradients in 
both healthy and diseased tissues spanning a wide range of stiffnesses (30–33). 
In order to better understand how gradients in stiffness may contribute to 
changes in cell behavior – in particular to cell migration – cell culture platforms 
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featuring gradients in substrate stiffness have been developed and used to 
characterize cell behavior in vitro (10, 34, 35). 
 
1.3 Methods of mechanical gradient generation 
A variety of methods have been developed to produce mechanical gradients 
suitable for in vitro cell migration experiments. The first report of mechanical 
gradients used to assess directed cell migration utilized a method in which two 
drops of polyacrylamide gel solution with different concentrations of cross-linker 
were positioned next to each other such that upon polymerization a single gel 
was produced featuring relative hard and soft regions with a sharp gradient in 
stiffness between the regions. NIH 3T3 fibroblasts migrating on such gels coated 
with type I collagen were observed to cross the stiffness boundary when 
approaching from the soft side of the gel, but would turn away from the boundary 
when approached from the stiff region (10). Subsequent studies have generated 
step gradients in a similar manner, but opted to pre-cast one stiffness region on a 
patterned substrate and backfill with the other stiffness, offering more consistent 
fidelity of the stiffness boundary (34, 36, 37). In addition to the response to 
discontinuities in stiffness, the migration of cells in response to continuous 
stiffness gradients has been evaluated, with suitable substrates being produced 
with the assistance of a photomask to spatially vary the exposure energy for 
photoinitiated polymerization of polyacrylamide (35). In an attempt to have better 
spatial control of stiffness gradient profiles, subsequent methods used 
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microfluidic mixers to produce gradients in flowing acrylamide or polyethylene 
glycol diacrylate gel solutions with varying cross-linker concentrations or 
molecular weights respectively that, upon polymerization, formed gradient gels 
(38–40). Although offering better control than previous methods, the stiffness 
profiles are not truly continuous, but rather feature a series of smaller step 
boundaries limited by the dimensions and number of mixing steps of the 
microfluidic device. Other methods have utilized apparent stiffness gradients by 
varying the height of a thin, soft hydrogel layer over rigid underlying surfaces 
(41–43). Such techniques have the advantage of yielding mechanical gradients 
without variation in the chemical properties of the substrate, but it can be 
extremely difficult to accurately control layer thickness and the profiles of the 
resulting gradients.  
 
1.4 Cell migration on mechanical gradients in vitro 
Durotaxis, the preferential migration from softer to stiffer regions of a substrate, 
was first observed for NIH 3T3 fibroblasts migrating on step-gradient gels coated 
with type I collagen, which could cross a stiffness boundary when approaching 
from the soft side of the gel, but would turn away from the boundary when 
approached from the stiff region (10). Similar results were observed for densely 
seeded cells on polyacrylamide and PDMS substrates micropatterned to feature 
step boundaries between a softer bulk material and square islands of elevated 
stiffness (34). Directed migration has since been reported for cells on substrates 
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with continuous stiffness gradients as well (35, 39, 44, 45). A number of studies 
have also sought to quantify the effects of absolute stiffness and gradient 
steepness on directed cell migration. It has been demonstrated that the extent of 
the durotaxis response in vascular smooth muscle cells is dependent on the 
strength of the mechanical gradient (39), and that both the absolute stiffness and 
size of the stiffness step at discontinuities can affect the extent of durotaxis in 
fibroblasts (46). Additionally, a number of potential mechanisms underlying 
rigidity sensing leading to durotaxis have been proposed based on actin flow 
clutch models or myosin contractility to measure force required for substrate 
deformation (47–50). While the gradient generation methods, material of 
substrates, type of cell tracked, and gradient parameters have varied across 
studies, migration in the direction of increasing stiffness is consistently reported 
(11). However, the matrix coatings applied to substrates used in these 
experiments have been limited to type 1 collagen and fibronectin. 
 
Extracellular matrix composition varies significantly between different tissues, 
and the type of extracellular matrix in a given tissue is a major determinant of the 
tissue properties and behavior of cells in that tissue (51). Importantly, 
extracellular matrix composition has been reported to modulate in vitro 
responses to substrate stiffness observed in behaviors such as cell adhesion, 
spreading, differentiation, junction formation, and matrix production (52–56). 
These studies suggest that many observed responses to changes in stiffness will 
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be subject to the type of extracellular matrix type available for cells to adhere to. 
Thus, it will be important to assess whether previously observed migratory 
responses of cells to mechanical gradients are also regulated by extracellular 
matrix composition. 
 
1.5 Specific Aims 
Experiments evaluating the migratory response of cells to mechanical gradients 
have addressed a number of important questions about the specific 
environmental conditions required to induce the behavior and have begun to 
probe the mechanisms leading to observed responses. However, previous 
studies did not investigate whether observed migration behaviors were 
dependent on the choice of extracellular matrix provided for cell attachment.  In 
order to address this question, the goal of this dissertation was to develop a 
method of producing linear mechanical gradient hydrogels for which both 
absolute and gradient mechanical properties could be controlled independently 
and that could be functionalized with a variety of extracellular matrix molecules. 
This platform could then be used to compare the migration of cells on mechanical 
gradients coated with fibronectin or laminin. This dissertation work can thus be 
divided into two specific aims: 
 
Aim 1: Develop a method to produce highly tunable linear mechanical gradients 
based on controlled diffusion of cross-linker between geometrically constrained 
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pre-gel solutions.  For this aim, we have a) described a protocol utilizing 
maskless lithography to micropattern slides with hydrophobic and hydrophilic 
silanes to constrain the geometry of pre-gel solutions and establish predictable 
cross-linker diffusion gradients that results in consistent linear mechanical 
gradients upon polymerization and b) used atomic force microscope 
nanoindentation and fluorescence microscopy to characterize the mechanical 
properties of and extracellular matrix incorporation onto the resulting gels, 
respectively.  
 
Aim 2: Track the migration of vascular smooth muscle cells and NIH 3T3 
fibroblasts on mechanical gradient and uniform stiffness hydrogels and 
quantitatively analyze differences in cell migration as a function of extracellular 
matrix composition. For this aim we performed time-lapse experiments to track 
and analyze the migration of vascular smooth muscle cells on high steepness 
mechanical gradients coated with fibronectin or laminin and the migration of NIH 
3T3 fibroblasts on shallow, low stiffness gradients coated with fibronectin, 
laminin, or a mixture of both.  
 
The findings detailed here provide evidence that extracellular matrix type can act 
as an important regulator of cell behavior on mechanical gradients, and the 
experimental method described to produced highly controlled gradient gels can 
be broadly applied to experiments probing the mechanisms underlying the 
8 
cellular response to mechanical gradients.   
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Chapter 2. Development of Method to Produce Tunable and Highly 
Reproducible Linear Mechanical Gradient Hydrogels 
 
2.1 Introduction 
The ability of cells to migrate plays a critical role in many biological processes, 
such as development, wound healing, and cancer metastasis (57–60). A common 
theme in these processes is that migration is thought to occur in response to 
directional cues in the environment. While chemotaxis, cell migration in response 
to gradients in soluble chemical factors, has been studied in depth in a wide 
variety of cell types, the mechanisms underlying cell migration in response to 
other environmental gradients, including gradients in mechanical stiffness, are 
less well understood. Cell migration towards stiffer regions of a substrate, 
durotaxis, has been previously reported for a variety of cell types migrating on 
mechanical gradients spanning a wide range of absolute stiffnesses and gradient 
steepnesses, but the mechanisms underlying this form of directed migration and 
the role of extracellular matrix in guiding this behavior have not been thoroughly 
investigated (11). To facilitate an investigation of the role of extracellular matrix in 
modulating the cellular response to mechanical gradients, in vitro cell culture 
platforms that provide independent control over the mechanical properties and 
extracellular matrix composition of the environment are necessary.   
 
In this aim, we have developed a method of generating polyacrylamide hydrogels 
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with easily tunable gradients in substrate stiffness and independent control of 
matrix composition. Previously described methods to fabricate polyacrylamide 
mechanical gradient gels have been limited due to the difficulty of independently 
controlling the absolute stiffness range and gradient steepness of the resulting 
gels (10, 34, 35, 37, 39, 41, 43, 61). The earliest methods of generating 
mechanical gradient substrates for the study of durotaxis utilized two drops of 
pre-gel solution with differing cross-linker concentrations juxtaposed such that a 
step gradient in stiffness forms between them upon polymerization (10, 34). 
These methods are limited to the production of steep, quasi-step gradients with 
absolute stiffness values dependent on hydrogel composition, and there is very 
little control over the steepness of the gradients produced. Subsequent methods 
utilized photomasks to spatially vary the exposure energy used for initiating 
hydrogel polymerization (35, 37, 44). These methods allow one to alter the 
steepness of the gradients produced, but are limited in the range of absolute 
stiffnesses a single sample can cover as they utilize a single cross-linker 
concentration solution, with modest variation in absolute stiffness made possible 
by variation in exposure energy. Other methods utilize apparent stiffness, in 
which a thin layer of a soft hydrogel substrate is placed over a stiffer material with 
variation in height such that the geometry of the material overlap determines the 
apparent stiffness of the hydrogel, but these methods are again limited by use of 
a single solution with a uniform cross-linker concentration, as well as by technical 
challenges in reproducibly controlling the thickness of the soft layer (41, 43).  
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To overcome the difficulty of independently controlling both absolute hydrogel 
stiffness and gradient steepness, we have developed a gradient gel fabrication 
method that utilizes controlled hydrogel geometry, cross-linker diffusion, and UV 
photopolymerization (Figure 2.1). This system allows one to easily and 
independently adjust both the absolute stiffness and gradient steepness of 
hydrogels produced by independently altering both the physical dimensions and 
composition of the hydrogel. Maskless lithography, which unlike traditional 
lithographic techniques does not require a custom-made, physical photomask 
and thus allows one to rapidly modify pattern dimensions with ease, is used to 
micropattern glass slides with hydrophobic and hydrophilic silanes (62); this 
difference in hydrophobicity provides the geometric constraint necessary for fine 
control over the location and degree of pre-gel solution mixing prior to 
polymerization. Accordingly, a “dumbbell” shape pattern was developed in which 
the “weights” of the dumbbell consisted of large reservoir regions filled with a 
high-concentration cross-linker solution on one side and low-concentration cross-
linker solutions on the other (Figure 2.1), and the “bar” of the dumbbell acted as a 
mixing region for cross-linker diffusing between the two reservoirs. After 
polymerization, the resultant polyacrylamide gels, which contain an NHS-ester 
side chain moiety, can be functionalized with extracellular matrix proteins. In 
addition to the independent control of gradient parameters, an advantage of this 
design is that the reservoir regions of the gels can act as built in controls for 
studies of cell behavior. Atomic force microscope nanoindentation of the end-
12 
product substrates produced in this manner demonstrated the presence of linear 
and highly reproducible mechanical gradients that could be adjusted by altering 
gel dimensions or composition, while fluorescence imaging demonstrated that 
homogeneous surface coatings of Alexafluor 488-labeled fibronectin or laminin 
could be achieved. 
 
2.2 Methods 
Comsol simulation of cross-linker diffusion in gradient device 
A simulation of cross-linker diffusion was developed in COMSOL Multiphysics® 
to estimate the diffusion time required to achieve quasi-steady, approximately 
linear gradients in cross-linker concentration. The diffusivity of bi-acrylamide in 
aqueous solution was estimated based on its molar mass and the Stokes-
Einstein relation: 𝐷 = !!!!!"# where kB is the Boltzman constant, T is temperature, 𝜂 
is the solvent viscosity, and r is the hydrodynamic radius, estimated as: 
𝑟 = !(!")!!"# !/!, where MW is molecular weight, N is Avogadro’s number, and 𝜌 is 
density. The simulation constrains the aqueous solution to the dumbbell shape of 
the generator device and utilizes an initial condition where the profile of cross-
linker concentration is defined as a step function between low and high 
concentrations values of 0.1 and 1 percent bis-acrylamide centered about x=0, 
the center of the dumbbell with respect to the direction of diffusion. The 
concentration profile is calculated as a function of time in intervals of 30s from 
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t=0 to t=60 minutes. The sensitivity to perturbation of the center position was 
examined by shifting the step function initial condition from x=0 to x=0.5 mm (for 
a generator with a gradient region between x=-1 and x=1) and by comparing the 
resulting gradient slope and cross-linker concentration range to that produced 
when the initial concentration step is centered at x=0.  
 
Maskless lithography and functionalization of gradient generator slides 
Glass microscope slides were cleaned by submersion in 10% potassium 
hydroxide in isopropanol for two hours at room temperature. Slides were rinsed 
three times with deionized water, then dried under an air stream before being 
placed in an 80 ºC oven for one hour. Slides were removed from the oven and 
baked on a hotplate at 105 ºC for one minute immediately before spin-coating. 
Slides were spin-coated with Microposit S1818 positive photoresist according to 
manufacturer instructions for a coating thickness of 2µm. Coated slides were pre-
baked at 65 ºC for 1 minute, then allowed to cool to room temperature. Slides 
were micropatterned by maskless lithography (62) and developed in 2.5% 
tetramethylammonium hydroxide in water (Sigma) to remove resist from the 
exterior of the dumbbell shape. The exposed region was then treated by 
submersion in 0.2% octadecyltrichlorosilane (Sigma) in toluene for 20 minutes to 
form a hydrophobic border around the dumbbell shape. Slides were rinsed three 
times in toluene then dried in an 80 ºC oven for 45 minutes. The remaining 
photoresist was removed by rinsing slides three times with acetone, once with 
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isopropanol, and once with water. Slides were dried under an air stream, and the 
newly exposed portion of the surface was backfilled by submersion overnight in a 
2:1 ratio of 2[methoxy(poly(ethyleneoxy)n=6-9)propyl]trimethoxysilane (Gelest) and 
3-(trimethoxysilyl)propyl methacrylate (Sigma) at concentrations of 0.6% and 
0.3%, respectively in toluene to provide a hydrophilic,  gel-adhesive surface. 
Slides were rinsed three times in toluene, then dried in an 80 ºC oven for 45 
minutes, followed by a single rinse in acetone to remove any unbound silane and 
dry the slide surface. Slides were allowed to air dry and were stored under 
vacuum prior to use.  
 
Verification of slide surface modification 
The functionalization of the gradient generator slides was verified by measuring 
the water contact angle in air on the slide surface using Sessile drop method on 
a Kruss DSA 100 (Kruss) contact angle goniometer. Contact angles were 
recorded for slides after each step in the fabrication process: cleaned, S1818 
coated, developed with TMAOH, treated with OTS, treated with TMSPMA, 
treated with M(P)PTMS, and treated with a 2:1 blend of TMSPMA: M(P)PTMS. A 
minimum of three droplet angles were measured for each region tested from n=3 
slides per condition. An angle of <1º is reported when the contact angle is too 
small to accurately read.  
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Gradient gel fabrication and functionalization 
Polyacrylamide gels featuring gradients in mechanical compliance between 
uniform stiffness control regions were prepared using a surface tension-based 
glass microfluidic device (Figure 2.1). A micropatterned gradient generator slide 
and a sacrificial glass slide coated with dichlorodimethylsilane (Sigma) were 
sandwiched around 250 µm thick teflon spacers. Acrylamide solutions with 
varying monomer and cross-linker concentrations (Table 2.1), adjusted to pH 6.0, 
consisting of acrylamide (Biorad), N,N’-methylenebisacrylamide (Biorad), amine-
reactive cross-linker NHS-ester acrylic acid (Sigma), I2959 photoinitiator 
(Irgacure), and hydrochloric acid in PBS were injected into each end of the 
gradient device through 32 gauge needles using screw actuated syringes 
(Hamilton) until the two solutions contacted in the center of the device. The 
solutions were allowed to diffuse for 40 minutes for 2mm gradient gels and 10 
minutes for 1mm gradient gels to establish a linear gradient in cross-linker 
concentration before polymerization under ultraviolet light for 240 seconds. 
Hydrogels were stored in PBS adjusted to pH 6.0 until protein functionalization 
was performed. 
 
Characterization of mechanical gradients 
Polyacrylamide gels with gradients in stiffness were characterized by atomic 
force microscopy. Nanoindentation measurements were performed using an AFM 
(MFP-3D, Asylum Research) with a micromanipulator-controlled stage and a 
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silicon nitride cantilever (0.06 N/m) functionalized with a 10 µm borosilicate bead 
(Novascan). Gels were indented in PBS at room temperature in 250 µm steps 
parallel to the direction of the gradient at an indentation rate of 500 nm/s. The 
elastic modulus was calculated by fitting force versus indentation depth data to a 
linearized Hertz model (63, 64). 
 
Surface functionalization with extracellular matrix proteins 
Polyacrylamide gradient gels were functionalized with extracellular matrix 
proteins via NHS-ester acrylic acid, which incorporates into the hydrogel 
backbone during polymerization and can subsequently be reacted with primary 
amines to covalently attach proteins to the gel surface. Polyacrylamide gels were 
incubated in a solution of fibronectin (Millipore) or laminin-1 (Sigma) at 5µg/cm2 
in PBS adjusted to pH 8.0 for two hours at room temperature. The uniformity of 
extracellular matrix attachment across gradient gels was assessed from 
fluorescent micrographs of gradient gels functionalized with Alexafluor 488 NHS 
ester- (Life Technologies) labeled fibronectin or laminin. Images were acquired 
on an Axiovert S100 microscope (Zeiss) equipped with a MAC2002 motorized 
stage (Ludl Electronic Products) and FITC filter cube set. The average 
fluorescence intensity was measured in 33µm-wide bins across the gel oriented 
parallel to the direction of the gradient. 
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2.3 Results 
Comsol simulation of cross-linker diffusion 
A simulation of bis-acrylamide cross-linker diffusion in a gradient generator 
device was used to estimate the diffusion time required to establish a quasi-
stable linear gradient (Figure 2.2). The simulation results predict a linear cross-
linker profile can be established in the gradient region of a 2mm gradient 
generator in as little as five minutes (Figure 2.3). The slope of the gradient 
decreases with increasing diffusion time, but the rate of change of the slope is 
reduced at later time points (Figure 2.3). It was determined that the slope of a 
2mm concentration gradient would change by less than 0.001% bis-acrylamide 
per millimeter between 30 and 50 minutes of diffusion. The sensitivity of the 
gradient to perturbations in the initial contact position of the two solutions at the 
center of the gradient region was assessed for a large perturbation of 0.5mm 
(Figure 2.4). The simulation calculates that after 40 minutes of diffusion, the 
slope of the gradient in bis-acrylamide concentration after an initial perturbation 
of 0.5mm varies from the ideally centered gradient slope by less than 0.005% 
bis-acrylamide per millimeter  (Table 2.2), and that the range of cross-linker 
concentrations across the gradient shifted from 0.259–0.809% to 0.265–0.760%. 
Such changes for a 15% acrylamide gel would correspond to a change in 
gradient stiffness slope from 47.76 kPa/mm to 43 kPa/mm, demonstrating that 
even for the highest stiffness gradients, large errors in initial diffusion conditions 
result in only modest changes to the gradient properties.    
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Verification of gradient generator surface modification 
Static water contact angle measurements were used to verify efficacy of each 
step in the gradient generator slide treatment process (Table 2.3). Slides that had 
been coated with photoresist that was subsequently removed in pattern 
development or by stripping with acetone had water contact angles <1º, matching 
that of cleaned glass slides, thus indicating both photoresist removing processes 
were sufficient to expose the glass surface. The treatment of the exterior region 
of the pattern with OTS resulted in a water contact angle of 104 ± 1.2º, which 
was significantly higher than the contact angle obtained for the interior region 
treated with a 2:1 ratio of TMSPMA:M(P)PTMS of 41.67 ± 2.7º. Additionally, the 
contact angle of the OTS-treated region was determined to be 101 ± 2.5º, 
suggesting that the OTS layer is minimally affected by the subsequent treatment 
with the hydrophilic silane blend.  
 
Generation and characterization of hydrogels with defined stiffness 
gradients 
Polyacrylamide hydrogel stiffness is determined by the concentration of 
acrylamide monomer in solution and the extent of cross-linking, which is 
controlled by adjusting the concentration of bis-acrylamide cross-linker. In 
preliminary studies, we produced uniform stiffness gels with 8% to 15% 
acrylamide and bis-acrylamide cross-linker concentrations ranging from 0.1 to 
1% (Table 1.1). We found that after polymerization by photoinitiation, the elastic 
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modulus of resulting gels was linearly proportional to bis-acrylamide 
concentration over these ranges. We took advantage of this linear proportionality 
to generate hydrogels with linear gradients in elastic modulus (Figure 2.5). The 
time allowed for diffusion of cross-linker between reservoirs of high- and low bis-
acrylamide concentration solutions was adjusted to yield linear gradients in bis-
acrylamide across the region connecting the two reservoirs. Nanoindentation was 
performed using an AFM in force-contact mode to measure stiffness of gels as a 
function of position. It was determined that for gradient gels with 2 mm and 1 mm 
long gradient regions, 40 and 10 minutes of diffusion time, respectively, was 
sufficient to generate a linear gradient in cross-linker concentration between the 
two reservoir regions. Results from gels tested demonstrate that gradient 
steepness can be changed both by altering composition of pre-gel solutions while 
maintaining the same gradient geometry and by adjusting gradient length. The 
stiffness gradients between high and low stiffness regions (0.5–10 and 7–170 
kPa, respectively, for the range of gel solutions tested) ranged in steepness from 
2.9 kPa/mm to 142.6 kPa/mm (Fig 2.5). Notably, an effective doubling of gradient 
steepness was achieved by halving the distance between reservoir regions, 
demonstrating that the stiffness gradient of the gels can be tuned by adjusting gel 
dimensions.  
 
Functionalization of gradient hydrogels with extracellular matrix  
In order to ensure cell migration on gradient gel substrates was not biased by 
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stiffness-induced changes in coating density, substrates with stiffness gradients 
between 10 kPa and 170 kPa reservoir regions were functionalized with Alexa 
488-labeled fibronectin or laminin-1 and were imaged under epifluorescence for 
quantification. The results indicate average fluorescence intensity of attached 
fibronectin did not change either as a function of position along gradient gels or 
as a function of stiffness (Figure 2.6). 
 
2.4 Discussion 
In this aim we developed a method to generate reproducible gradients in 
mechanical compliance in polyacrylamide hydrogels based on controlled 
diffusion of cross-linker across a pre-gel solution that is shape-constrained by 
surface tension. The gradient generator device was designed to allow for 
independent selection of absolute stiffness range and steepness of the 
mechanical gradient of the hydrogel by controlling both chemical composition of 
the gel and dimensions of the mixing area. Mechanical gradient gels fabricated 
using this method were found to be highly consistent in their mechanical profile 
and could be functionalized with extracellular matrix protein independent of local 
mechanical properties of the gels.  
 
A simulation of cross-linker diffusion in a gradient generator device was utilized to 
predict the diffusion time needed to establish a linear concentration gradient and 
assess its sensitivity to changes in the diffusion time allowed before 
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polymerization. The gradient generator device was designed with large reservoir 
regions relative to the size of the gradient region in an attempt to approximate 
diffusion across a small strip between well-mixed semi-infinite reservoirs. In such 
an idealized configuration, a steady, linear gradient of cross-linker would be 
established, and perturbations to the initial boundary between the two solutions 
along the gradient strip would be corrected over time to result in the same steady 
gradient. Because the reservoirs of the generator device are finite, a perfectly 
stable gradient profile cannot be achieved, but the simulation indicated that a 
relatively stable gradient profile in the region of interest could be maintained for 
tens of minutes, potentially preventing variations in diffusion time before 
polymerization from having a major effect on the profile of gradient gels produced 
(Figure 2.3). Additionally, for sufficiently long diffusion times, this gradient 
generation strategy also has the benefit of partially self-correcting for 
perturbations in the initial meeting point of the two pre-gel solutions (Figure 2.4), 
helping to remove operator error as a source of variation in the gradient gels. 
 
An important feature of this method is that it allows for independent selection of 
absolute high and low stiffness values and gradient steepness, accomplished by 
varying gel solution composition and gel dimensions, respectively. In previous 
studies where hydrogels with gradients in mechanical compliance were used to 
investigate durotaxis (11), the methods of generating mechanical gradients relied 
on juxtaposition of pre-gel solutions with varying concentrations of cross-linker 
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(10, 34, 39), varying UV exposure in photopolymerization with a photomask (35, 
37, 61), or overlaying a uniform gel solution on a rigid material with varying height 
to achieve a gradient in apparent rigidity at the surface (41, 43). While these 
methods effectively generate stiffness gradients, they are limited because they 
do not easily allow independent control of both the absolute stiffness range of the 
gels and the steepness of the generated gradient. We overcame this limitation by 
utilizing an approach to gradient generation based on carefully controlled 
hydrogel geometry, cross-linker diffusion time, and UV photopolymerization time 
(Figure 2.1).  
 
As demonstrated in Figure 2.5, the absolute stiffness range of the gradient gels 
produced using the method presented here can be tuned by changing 
composition of the acrylamide gel, while steepness of the mechanical gradients 
produced using this method can be predictably controlled by adjusting the length 
of the gradient region and cross-linker diffusion time. This flexibility will allow 
gradient profiles and material elasticity to be tailored to mimic stiffness gradients 
between tissues or cellular layers in vivo and also allows for simple modulation of 
gradient properties in order to further study the roles of absolute stiffness and 
gradient steepness in the cellular response to mechanical gradients (39, 46). In 
addition to the ease of gradient customization, gels produced using this method 
contain built-in uniform-stiffness regions on the same sample to act as controls, 
allowing for easier experimental setup and greater throughput from a smaller 
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number of independent samples. For this set of experiments we have optimized 
the gradient profile generated to be linear between two reservoir solutions, but it 
is also possible to produce gels with step-like gradients or sigmoid shaped 
gradients by reducing time allowed for cross-linker diffusion. Additionally, this 
method is compatible with photomask-based techniques of stiffness modulation, 
theoretically allowing for any desired gradient profile to be produced in easily 
customized geometries (61).  
 
While this method of gradient gel production is highly tunable, there are practical 
limits on the mechanical properties and dimensions of gels that may be 
produced. Polyacrylamide gels have been produced with stiffnesses ranging from 
roughly 200 Pa to 350 kPa, consistent with mechanical data presented in this 
study (61, 65). The length of the gradient region can be made longer or shorter to 
alter gradient steepness, but for extremely low gradient rates limited directional 
migration is expected (39, 46), while at extremely high gradient steepness the 
system mimics step gradient methods (10, 34) and the observation region of 
interest becomes extremely small. The absolute stiffness range and gradient rate 
range is sufficient to model stiffnesses of a wide variety of soft tissues that are 
likely to contain mechanical gradients (29–33). Gels can be made thinner or 
thicker as desired by changing the size of spacers used, but there are practical 
limits on achievable upper and lower thicknesses. A gel that is too thin will begin 
to appear stiffer to a cell due to mechanical coupling to the underlying glass 
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substrate (41). Additionally, because the gradient generator system relies on 
surface tension between two patterned slides to control gel geometry, using 
spacers that are too thick can result in surface tension failing to maintain the pre-
gel solution between both slides, and thus gel dimensions and contact point 
between the two solutions cannot be controlled. The limits of the width of the 
gradient region are related to size of the reservoir region and imaging area. As 
the gradient region is made thinner, the available area for cells to migrate on the 
gradient region is reduced, and it becomes less likely that cells will migrate 
without interacting with the sides of the gel, which greatly reduces the areas in 
the gel from which data can be reliably acquired. The width of the gradient area 
can be increased provided there is also an increase in the size of reservoir 
regions to compensate and prevent depletion of cross-linker from the reservoir 
during diffusion. The volume of a reservoir region needs to be sufficiently large 
such that it is largely unaffected by diffusion from the much smaller gradient 
region and thus maintains a nearly constant cross-linker concentration away from 
the gradient region.  This ensures that a pseudo-steady gradient profile can form 
in the gradient region.  
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Figure 2.1: Schematic of gradient generator device preparation and use. A) Glass 
slide coated in S1818 photoresist (orange). B) Maskless lithography with visible 
light exposes device pattern onto photoresist coated slide. C) Photoresist 
removed by development in TMAOH. D) Exposed glass is coated with OTS to 
form a hydrophobic barrier. E) Remaining photoresist is removed with acetone. 
F) Exposed glass is backfilled with hydrophilic and adhesive silane mixture (teal). 
G) The gradient generator device is assembled with 250 µm Teflon spacers 
between the silane-coated generator slide and a top sacrificial slide coated in 
DCDM. Solutions of acrylamide solutions with high (blue) and low (white) 
concentrations of bis-acrylamide cross-linker are injected into the reservoir 
regions through 32g needles. H) The two acrylamide solutions meet in the middle 
of the device with their boundary constrained by silane patterning. The needles 
are removed and diffusion of cross-linker proceeds until (I) the acrylamide 
solutions are polymerized by exposure to UV light. H) The sacrificial slide and 
spacers are removed leaving a gradient hydrogel with a well-defined linear 
gradient in elasticity. Adapted from Hartman et al., 2016 (66) under retained 
authorship rights.  
A) F)
B)
G)
I)
H)
C)
J)
D)
E)
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Table 2.1:  Acrylamide gel compositions for 1 mL pre-gel solution. 
  
 15:0.1 15:1.0 10:0.1 10:0.5 8:0.1 8:0.5 
40% AA (µL) 300 300 250 250 200 200 
2% bis-AA (µL) 50 500 50 250 50 250 
10X PBS (uL) 100 100 100 100 100 100 
2.5% HCl (µL) 7.5 7.5 7.5 7.5 7.5 7.5 
dH2O (µL) 542.5 92.5 592.5 392.5 642.5 442.5 
NHS-AA (mg) 2 2 2 2 2 2 
I2959 (mg) 5 5 5 5 5 5 
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Parameter Centered Gradient Shifted right by 0.5mm 
Lower bis-AA concentration (%) 0.259 0.265 
Upper bis-AA concentration (%) 0.809 0.760 
Slope of gradient (%bis-AA/mm) 0.252 0.249 
 
Table 2.2:  Bis-acrylamide gradient parameters after 40 minutes diffusion for an 
ideally centered 2 mm gradient compared to a gradient with initial contact point 
shifted 0.5 mm right. 
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Test surface Static water contact angle 
( Mean ± SD) 
Cleaned glass < 1 
S1818 photoresist 74.67  ±  1.35 
Glass after resist development < 1 
OTS 104 ± 0.32 
Glass after acetone strip < 1 
TMSPMA 51.17 ± 0.87 
M(P)PTMS 31.03 ± 1.42 
2:1 TMSPMA:M(P)PTMS 41.67 ± 2.7 
OTS after 2nd silane treatment 101 ± 0.56 
 
Table 2.3:  Water contact angles of gradient generator slides after each step of 
the generator fabrication process 
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Figure 2.2:  Comsol Multiphysics calculation of bis-acrylamide concentration 
across a gradient generator device. Device dimensions were set to 10mm 
diameter reservoirs and a 2mm long by 1mm wide gradient region, with the 
concentration profile calculated at t=40 minutes. 
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Figure 2.3:  Model of bis-acrylamide concentration profile across a 2mm wide 
gradient generator device. The profile is calculated at each time point along a line 
parallel to the direction of the gradient. The lower and upper limits of the gradient 
region are demarcated by dotted lines. Top, the line profile of bis-acrylamide 
concentration changes from t=0 to t=50 minutes of diffusion. Bottom, at later time 
points the change in concentration profile in the gradient region is minimized, 
demonstrating that approximately steady concentration profiles are achievable.  
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Figure 2.4:  Major perturbations of the diffusion gradient initial conditions do not 
significantly alter the bis-acrylamide concentration profile after 40 minutes of 
diffusion. An ideally centered gradient profile is illustrated in red, and the profile of 
a gradient with the initial mixing point shifted 0.5 mm to the right is illustrated in 
blue. Vertical dotted lines indicate the limits of the gradient region, and horizontal 
dotted lines indicate the bis-acrylamide concentration at the upper and lower end 
of the ideal gradient. 
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Figure 2.5:  Mechanical characterization of polyacrylamide gradient gels with 
differing gel compositions and dimensions by AFM nanoindentation as a function 
of position along the gradient. Gel compositions tested were as follows: 15% 
acrylamide:0.1–0.1% bis-acrylamide, 10% acrylamide:0.1–0.5% bis-acrylamide, 
8% acrylamide:0.1–0.5% bis-acrylamide with gradient lengths of 1 and 2 mm for 
each gel composition. Gel elastic modulus was calculated as a function of 
position from a linearized Hertzian contact model, and the elastic modulus profile 
was fitted to a linear model in across the gradient region of the gel to determine 
the steepness of the gradient. Adapted from Hartman et al., 2016 (66) under 
retained authorship rights. 
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Figure 2.6: Characterization of extracellular matrix attachment to gradient 
hydrogels. Top, fluorescence intensity of Alexa-488 labeled fibronectin (red) and 
laminin (blue) is uniform across polyacrylamide gradient gels. Values are 
presented as mean ± standard deviation, n=3 gels per condition. Bottom, 
representative image of gradient gel functionalized with Alexa-488 labeled 
fibronectin, scale bar is 100µm. Adapted from Hartman et al., 2016 (66) under 
retained authorship rights. 
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Chapter 3. Evidence that Extracellular Matrix Type Alters the Cellular 
Durotaxis Response to Stiffness Gradients  
 
3.1 Introduction 
Cell migration is essential to numerous biological processes, including 
development, angiogenesis, wound healing, and cancer metastasis (57–60). The 
movement of cells in these processes is determined by a complex assessment of 
environmental cues that include soluble factors, extracellular matrix composition, 
orientation, and stiffness. Numerous experiments have demonstrated that 
directional cell migration can result from gradients in these environmental cues – 
for instance, chemotaxis, cell migration in response to gradients of soluble 
signals, and haptotaxis, cell migration in response to gradients of bound ligands, 
have been established in both in vitro and in vivo experimental systems (3, 5, 6). 
More recently, it has been demonstrated that cells are also capable of directed 
migration in response to gradients in substrate stiffness, a process termed 
durotaxis (10). While there have been limited reports of specifically measured in 
vivo gradients (29), a number of recent stiffness mapping measurements imply 
the presence of stiffness gradients in both healthy and diseased tissues spanning 
a wide range of stiffnesses (30–33).  In vitro experiments have demonstrated that 
directed migration in response to stiffness gradients can be observed in 
numerous cell types, using various materials as substrates, and across various 
stiffness levels (10, 34, 35, 37, 39, 40, 44). However, the role of extracellular 
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matrix composition in mediating this behavior has not been thoroughly 
investigated. 
 
The interplay between mechanical stiffness and matrix composition in normal 
and pathological physiology is only now becoming appreciated.  Recent studies 
in which tissue stiffness was mapped by AFM indentation have identified 
heterogeneities that indicate the presence of mechanical stiffness gradients in 
both healthy and diseased tissues.  These measurements indicate the presence 
of a wide range of absolute stiffnesses and gradient strengths in vivo (29–33, 
67).  Importantly, such stiffness gradients have been demonstrated to accompany 
changes in extracellular matrix composition in a number of diseases. For 
instance, in lung fibrosis, local increases in lung parenchymal tissue stiffness are 
accompanied by an increase in collagen I concentration (15), and in breast 
cancer an increase in stiffness from the tumor core to the periphery is associated 
with increased levels of collagen I and laminin (32). In atherosclerosis, a disease 
characterized by the thickening of the intimal region of the arterial wall, changes 
in the mechanics and composition of the intimal matrix occur in conjunction with 
accumulation of smooth muscle and inflammatory cells (68–70). Stiffness 
mapping experiments have shown that plaque stiffness is spatially 
heterogeneous, and that these changes can be histologically related to 
extracellular matrix composition of the plaque (67, 71). Given the increasing 
number of examples for which changes in extracellular matrix composition in 
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disease are coupled to changes in mechanical properties of diseased tissue, 
there is a need for in vitro experimental systems that allow for systematic 
exploration of how cellular response to stiffness gradients is modulated by 
extracellular matrix composition. 
 
Recent experimental work has demonstrated that the effect of matrix stiffness on 
cell behaviors such as differentiation, spreading, and motility is modulated by 
composition of the extracellular matrix on which cells are grown (52–55, 72). 
While previous work investigating cellular response to mechanical gradients has 
been limited to uniformly stiff substrates coated with a single type of matrix 
protein, typically collagen or fibronectin (11), behavioral response of a given cell 
type to different matrix compositions has yet to be explored in the same study. 
Previous work in our lab has demonstrated that vascular smooth muscle cell 
adhesion rate, spread area, cytoskeletal assembly, and focal adhesion signaling 
undergo opposing responses to substrate stiffness depending on whether they 
are seeded on fibronectin- or laminin- coated substrates (54), and furthermore 
that vascular smooth muscle cells will preferentially migrate towards stiffer 
regions of their environment when exposed to mechanical gradients on 
fibronectin-coated substrates (35, 39). Additionally, there is evidence that both 
stiffness and extracellular matrix composition can modulate vascular smooth 
muscle cells between a quiescent, contractile phenotype typical of healthy tissue 
and a synthetic, proliferative, and migratory phenotype observed in vascular 
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disease (73–75). Fibronectin and laminin have opposing effects on vascular 
smooth muscle cell phenotype, with fibronectin driving cells away from the 
contractile phenotype in vitro while laminin has been shown to conserve it (76–
79). A loss of laminin and an increase in fibronectin surrounding smooth muscle 
cells has been observed during progression of neointima formation in vascular 
disease, suggesting these proteins may play an important role in regulation of 
cell phenotype in disease (80). Additionally, increasing stiffness has been shown 
to drive smooth muscle cells towards the synthetic, migratory phenotype 
observed in atherosclerosis (81, 82), This evidence that vascular smooth muscle 
cell phenotype is modulated by both matrix stiffness and composition, coupled 
with our previous observations of matrix type-dependent responses to stiffness 
by vascular smooth muscle cells, led us to hypothesize that durotactic migratory 
behavior of vascular smooth muscle cells on substrates with mechanical 
gradients may also be differentially modulated by fibronectin and laminin.  
 
To test this hypothesis, in Aim 1 of this dissertation we presented a method to 
generate gradients in mechanical compliance in hydrogels based on controlled 
diffusion of cross-linker and UV-initiated photopolymerization. In Aim 2, we 
utilized gradient hydrogels produced using this methodology to directly compare 
the durotactic migration of vascular smooth muscle cells on mechanical gradients 
coated with either fibronectin or laminin. The extent to which cells exhibited 
biased migration in the direction of increasing substrate stiffness was compared 
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across all conditions by calculating a durotactic index, defined as the length of 
migration in the direction of increasing substrate stiffness divided by the total 
migration path distance, for each cell track. We found that cells seeded on 
fibronectin-coated gradient substrates exhibited durotactic behavior while cells 
seeded on laminin-coated gradient substrates were capable of random 
movement but did not exhibit durotaxis. This finding indicates that extracellular 
matrix composition is capable of modulating a cell’s motile response to 
mechanical gradients. 
 
In subsequent experiments, we began to assess whether this matrix-type 
dependent response could be observed in another cell type. NIH 3T3 fibroblasts 
have been utilized prominently in durotaxis literature (10, 34, 46, 61, 83). As with 
bovine vascular smooth muscle cells, durotaxis of NIH 3T3 fibroblasts has been 
observed on collagen type 1- and fibronectin-coated mechanical gradients  
encompassing a wide range of absolute substrate stiffnesses and gradient rates, 
but their response to laminin-coated mechanical gradients had not previously 
been documented. We tracked the migration of NIH 3T3 fibroblasts on 
mechanical gradients with an 18.6 kPa/mm gradient between 1 kPa and 25 kPa 
low and high stiffness regions coated with fibronectin, laminin, and a 50:50 ratio 
of fibronectin and laminin by mass. We observed durotaxis behavior on 
fibronectin, as has been previously reported, and observed random migration on 
laminin and mixed-matrix gradients. Our results illustrate that matrix-type may act 
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as a regulator of a cell’s ability to respond to gradients in environmental 
mechanics, and the lack of observable durotaxis on mixed-matrix gradients 
suggests that the presence of laminin could act to inhibit the durotactic response 
usually seen in response to fibronectin-coated gradients, though additional 
studies will be necessary to probe the underlying regulatory mechanism. 
 
3.2 Methods 
Cell culture and reagents 
Bovine aortic vascular smooth muscle cells were cultured in low glucose 
Dulbecco’s modified Eagle’s medium (Gibco) supplemented with L-glutamine 
(Gibco) and 10% bovine calf serum (Hyclone). NIH/3T3 fibroblasts (ATCC) were 
cultured in high glucose Dulbecco’s modified Eagle’s medium (Gibco) 
supplemented with L-glutamine (Gibco) and 10% bovine calf serum (Hyclone). 
Cells were cultured on plasma-treated tissue culture dishes (Corning) and 
passaged with 0.05% trypsin-EDTA (Gibco). 
 
Polyacrylamide gradient gel polymerization and functionalization 
Polyacrylamide gradient gels were fabricated as described in Aim 1 of this 
dissertation. VSMC migration experiments were conducted on 2mm 
polyacrylamide gradient gels with a 72 kPa/mm gradient between 10 and 170 
kPa control regions. We chose to utilize hydrogels with a relatively steep gradient 
stiffness profile, which was found to be sufficient to induce durotaxis in vascular 
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smooth muscle cells between regions of uniform stiffness comparable to those 
found in vascular tissue in vivo (84). Cell migration experiments with NIH 3T3 
fibroblasts were conducted on 1mm gradient gels with a 18.6 kPa/mm gradient 
between 1 and 25 kPa control regions, parameters which are comparable to 
those previously used in studies demonstrating NIH 3T3 durotaxis on collagen 
and fibronectin. After polymerization, gradient gels were coated with fibronectin 
(Millipore), laminin-1 (Sigma), or a 50:50 mass ratio mix in PBS adjusted to pH 
8.0 at a surface density of 4 µg/cm2.  
 
Cell migration on gradient gels 
Cells were seeded at a density of 1500/cm2 and were allowed to attach for 4 
hours prior to imaging. A minimum of 5 gels per experimental condition were 
examined in independent experiments. For laminin cross-talk experiments, cells 
were suspended at 106/mL concentration in culture media and incubated with 50 
µg/mL laminin for ten minutes prior to seeding. Cells adhered to the low stiffness, 
high stiffness, and gradient stiffness regions of each gel were imaged in 20 
minute intervals over a period of 18 hours using an inverted optical microscope 
(Zeiss) equipped with a motorized stage (Ludl Electronic Products) and a 
custom-built incubator to control temperature, CO2, and humidity.  
 
Quantification of cell migration parameters 
Cell centroid positions were tracked in ImageJ, and migration tracks were 
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assembled and analyzed using a custom R script. The durotactic index was 
calculated as the projected migration distance in the direction of the gradient 
divided by the cumulative migration distance. Statistical analysis of mean cell 
displacements and durotactic index was performed using two-factor ANOVA and 
Tukey’s honest significant difference test for post-hoc analysis where 
appropriate. 
 
3.3 Results 
VSMC migration on fibronectin- and laminin- coated mechanical gradient 
gels 
The migration of VSMCs on gradient gels and uniform control gels coated with 
either fibronectin or laminin was qualitatively assessed by plotting cell trajectories 
relative to a common origin (Figure 3.1). On gels of uniform stiffness, there is a 
stiffness-dependent increase in the average migration velocity on both 
fibronectin- and laminin-coated gels, but there was no apparent directional bias 
to the movement. Additionally, there were no significant differences in the 
migration velocities of cells on fibronectin compared to on laminin for both the 
control and gradient conditions (Figure 3.2). In contrast to the uniform-stiffness 
controls, cells migrating on fibronectin-coated gradient gels appear to migrate 
preferentially towards the stiffer end of the gradient, whereas cells on laminin-
coated gradients do not display a bias in migration to any direction.  
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To more quantitatively assess whether there is biased migration of cells in the 
direction of the gradient, the average X-direction trajectory, where X is defined as 
parallel to the direction of increasing gradient stiffness (or a random direction in 
the case of uniform controls) was calculated from migration tracks as a function 
of time (Figure 3.3). Cells on uniform stiffness control gels experienced an 
average X-directional displacement of zero as time increased, with a wider range 
of displacements reflected in an increase in the standard deviation of 
displacement as stiffness is increased. Cells on gradient gels coated with 
fibronectin displayed a steady increase in X-directional displacement as a 
function of time, reaching an average value of 37 µm after 18 hours migration, 
while cells on laminin-coated gradients migrated to an average displacement of   
-2.63 µm after 18 hours. Statistical testing of the displacements of cells at all time 
points by ANOVA and Tukey’s honest significant difference test showed that the 
mean displacement of cells on fibronectin-coated gradient gels was significantly 
different from the mean displacement of cells in all other experimental conditions 
after 6 hours (p<0.05) of migration.  
 
The extent to which each cell exhibited biased migration in the direction of the 
gradient can be further quantified using a durotactic index (39), defined as the 
displacement of a cell in the gradient direction divided by its cumulative 
displacement (i.e., total path length). The distribution of durotactic indices for 
each population of cells observed is plotted in Figure 3.4. For both cells on 
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uniform stiffness control gels and laminin-coated gradients, the mean durotactic 
index is zero, whereas for the population of cells migrating on fibronectin-coated 
gradients, the distribution of durotactic indices is significantly shifted to a mean of 
0.17 (p<0.005).  There is thus a clear shift towards biased migration in the cell 
population when these cells are seeded on fibronectin-coated substrates having 
a stiffness gradient.  
 
NIH 3T3 migration on fibronectin-, laminin-, and mixed-protein- coated 
mechanical gradient gels 
The migration of NIH 3T3 fibroblasts on gradient gels and uniform control gels 
coated was qualitatively assessed by plotting cell trajectories relative to a 
common origin (Figure 3.5). On gels of uniform stiffness, there was a slight 
increase in migration velocity on fibronectin and mixed protein gels with 
increasing stiffness, while on laminin the migration velocity was relatively 
constant (Figure 3.6). The migration of 3T3s on 1 kPa mixed protein samples 
was significantly faster than 3T3s on 1 kPa fibronectin samples, and cells on 
fibronectin and mixed protein samples were significantly faster than cells on 
laminin samples for both the 25 kPa and gradient conditions. In contrast to the 
uniform-stiffness controls, cells migrating on fibronectin-coated gradient gels 
appear to migrate preferentially towards the stiffer end of the gradient, whereas 
cells on laminin-coated and mixed-protein gradients do not display a bias in 
migration to any direction.  
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The average X-direction trajectory was calculated from migration tracks as a 
function of time (Figure 3.7). NIH 3T3s on uniform stiffness control gels 
experienced an average X-directional displacement that fluctuated around zero 
as time increased for all protein conditions. Cells on gradient gels coated with 
fibronectin displayed an increase in X-directional displacement over time, 
reaching an average value of 69.4 µm after 18 hours of migration, whereas cells 
on laminin-coated gradients and mixed-protein gradients migrated to average 
displacements of 1.0 µm and 3.01 µm respectively after 18 hours. Statistical 
testing of the displacements of cells at all time points by ANOVA and Tukey’s 
honest significant difference test showed that the mean displacement of cells on 
fibronectin-coated gradient gels was significantly different from the mean 
displacement of cells in all other experimental conditions after 8 hours (p<0.05) of 
migration.  
 
The distributions of durotactic indices for NIH 3T3 fibroblasts on fibronectin, 
laminin, and mixed protein gradient gels are plotted in Figure 3.8. For both cells 
on uniform stiffness control gels and laminin- and mixed protein- coated 
gradients, the mean durotactic index is approximately zero, whereas for the 
population of cells migrating on fibronectin-coated gradients, the distribution of 
durotactic indices is significantly shifted to a mean of 0.14 (p<0.005).   
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NIH 3T3 migration on fibronectin-coated gels after treatment with soluble 
laminin prior to seeding 
As a preliminary experiment to assess whether integrin cross-talk could lead to 
altered migration of cells on fibronectin coated gradients, NIH 3T3 migration was 
tracked on fibronectin-coated gradient gels after treatment with soluble laminin 
prior to seeding (Figure 3.9). No difference in the motility of attached cells was 
observed between laminin-treated and control conditions (Figure 3.10). The 
average X-direction trajectory was calculated from migration tracks as a function 
of time (Figure 3.11). NIH 3T3s on fibronectin-coated gradients without additional 
treatment displayed an increase in X-directional displacement over time, 
reaching an average value of 59.12 µm after 18 hours of migration, confirming 
the results of earlier experiments (Figure 3.7). In contrast, cells that had been 
laminin-treated prior to seeding for migration had average X-displacements 
centered around X=0, ending at an average X-displacement of -11.71 µm after 18 
hours. The distributions of durotactic indices for laminin-treated and untreated 
NIH 3T3 fibroblasts on fibronectin-coated gradient gels are plotted in Figure 3.12. 
The average durotactic index for untreated cells on fibronectin was 0.12, similar 
to that observed in earlier experiments (Figure 3.8), whereas for the population of 
cells that had been treated with laminin in solution prior to seeding, the average 
durotaxis index was calculated to be -0.03, suggesting that random migration 
occurs in this cell population.    
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3.4 Discussion 
In this aim, we explored whether the type of extracellular matrix a cell was 
seeded on altered its migration on mechanical gradients. While durotaxis 
behavior has been observed in numerous experimental systems, to our 
knowledge, the role of matrix composition in durotactic behavior had not 
previously been investigated. To that end, we evaluated the migration of vascular 
smooth muscle cells on gradient substrates coated with either fibronectin or 
laminin, matrix proteins that have previously been demonstrated to evoke 
opposing responses to stiffness changes in smooth muscle cells and drive 
smooth muscle cells towards different phenotypes (54, 76–79). This model 
system was chosen both because of its potential relevance to atherosclerosis 
and its use in previous studies in our laboratory. Interestingly, directed migration 
up mechanical gradients was observed when cells were seeded on fibronectin, 
but no bias in migration was observed on gradient substrates coated with laminin 
(Figures 3.3, 3.4).  
 
To verify that the lack of observable biased migration on gradient substrates 
coated with laminin was not due to a decrease in the overall migration rates of 
VSMCs on laminin relative to those observed on fibronectin, the velocities of cells 
migrating on gradients as well as uniform high and low stiffness control gels were 
measured. The matrix selection was not found to have a significant effect on the 
cell migration velocities (Figure 3.2), and, as expected, randomly directed 
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migration was observed on all uniform stiffness control regions (Figure 3.3). 
Collectively, these results indicate that VSMCs were capable of adhering on 
substrates coated with either fibronectin or laminin and that the ability of cells to 
move on these substrates in regions of uniform stiffness did not vary significantly 
with matrix choice. However, while we observed biased migration towards the 
stiffer region of gradient gels coated with fibronectin, migration on laminin-coated 
gradients appeared to be random (Figure 3.3), with cells exhibiting a distribution 
of tactic indices similar to that observed for migration on the uniform stiffness 
control gels (Figure 3.4).  
 
The distribution of tactic indices for VSMCs on fibronectin-coated gels was found 
to shift to center about 0.17, but it is interesting to note that after 18 hours of 
migration, roughly 20% of cells still had a negative tactic index. To assess 
whether this might indicate a subpopulation of cells was not able to sense or 
respond to the mechanical gradient by exhibiting directed migration, we looked at 
the change in the distribution of X-displacements over time (Figure 3.13). For 
cells migrating randomly, we expect the distribution to widen over time but remain 
centered about X=0, as observed for cells on laminin-coated gradients. If a 
subpopulation of cells on fibronectin exhibited this random migration behavior, a 
peak in the distribution centered at X=0 should emerge at later time points. 
Rather, as time increases, there is a shift in the distribution towards positive X-
displacements corresponding to biased migration. Additionally, the left tail of the 
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distribution does not continue to spread to more negative values, but rather 
moves towards more positive values than observed at earlier time points. A 
similar trend is observed for the fraction of cells with positive net displacements 
as a function of time (Figure 3.14). For randomly migrating cells, the fraction of 
cells with positive X-displacements fluctuates around 0.5, while for cells 
exhibiting directed migration this value increases from over time. The rate of this 
increase slows at later time points, but has not leveled off to an asymptote at a 
fraction less than one. Taken together, these observations suggest that the 
negative tactic indices calculated for some cells are not necessarily indicative of 
a subpopulation of cells that does not respond to the gradient, but rather that 
migration would need to be observed for a much longer duration to see the 
remainder of the population approach a positive X-displacement. 
 
Having observed these differences in the migration of VSMCs on mechanical 
gradients coated with different extracellular matrices, we next assessed whether 
such a phenomenon was restricted to VSMCs. The migration of NIH 3T3 
fibroblasts was tracked on mechanical gradients coated with fibronectin, laminin, 
or a mixture of the two proteins (Figure 3.5) on mechanical gradients with 
elasticity ranging from 1-25 kPa. Gradient gels with reduced absolute stiffnesses 
were used to more accurately reflect the stiffnesses of soft tissues in vivo and to 
ensure the gel stiffness range would be conducive to traction force 
measurements in future work (12, 85, 86). As was observed with VSMCs, NIH 
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3T3s were able to attach and migrate on gradient gels, with migration rates that 
increased slightly with increased gel stiffness. Unlike in the VSMC experiments, 
the migration rates were found to vary with extracellular matrix type (Figure 3.6), 
though the average rates for all conditions were determined to fall in the range of 
22 and 32µm/hr. Additionally, similar rates were observed for cells on fibronectin 
and mixed gradient gels, making cell migration rate alone an unlikely cause of 
differences observed in behavior on gradient gels. Durotaxis behavior was 
observed for NIH 3T3s on fibronectin-coated gradients, but not on gradients 
coated with laminin, matching the trend observed with VSMCs (Figures 3.7 and 
3.8). Interestingly, no bias in directed migration was observed on gradients 
coated with a mixture of fibronectin and laminin, suggesting that while 3T3s are 
capable of attaching to and migrating on both fibronectin and laminin 
independently at comparable rates, they do not respond to the presence of 
fibronectin on gradient substrates when laminin is present the same way they 
would if fibronectin by itself is available. While further studies are needed to 
elucidate the mechanisms leading to this outcome, one possible explanation for 
this behavior is cross-talk between laminin and fibronectin binding integrins, as 
has been previously reported in endothelial cells (87). One example of a reported 
integrin cross-talk pathway that could potentially lead to an apparent insensitivity 
of cells to the presence of fibronectin on mixed matrix gradients is cross-talk 
between α6β1, which binds laminin-1, and αvβ3, which binds fibronectin and 
vitronectin (Figure 3.15). As a preliminary investigation into whether cross-talk 
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between laminin-binding and fibronectin-binding integrins could lead to a lack of 
durotaxis on mixed gradient matrices in spite of the presence of fibronectin, we 
analyzed the migration of cells on fibronectin-coated mechanical gradients after 
treatment with soluble laminin prior to seeding. As had been previously observed, 
untreated NIH 3T3 fibroblasts seeded on fibronectin-coated gradients underwent 
biased migration in the direction of increasing stiffness (Figures 3.9 and 3.11). 
However, cells that had been treated with laminin appeared to migrate more 
randomly, with tracks and average displacements similar to those observed for 
cells migrating on laminin- or mixed protein-coated gradients. The mean 
durotactic index for untreated cells was found to be 0.12, demonstrating that 
biased migration was occurring in the population, while for cells treated with 
soluble laminin, the average tactic index was -0.03, suggesting that random 
migration was occurring (Figure 3.12). While this data does not implicate any 
specific cross-talk mechanism in altering the cellular response to fibronectin-
coated mechanical gradients, it does suggest that the binding of laminin integrins 
could have downstream effects leading changes in how cells sense or respond to 
mechanical gradients when attached via fibronectin.  
 
Collectively, the data presented here indicate that the ability of VSMCs and NIH 
3T3 fibroblasts to detect and respond to a gradient in substrate stiffness may be 
dependent on the type of matrix they are seeded on, and that matrix composition 
could therefore be an important determinant of how cells respond to variations in 
51 
stiffness in their local environment in vivo. Assessing the manner in which cells 
respond to these variations in stiffness when presented with different extracellular 
matrix molecules will be critical in understanding diseases in which the presence 
of a gradient in local tissue mechanical compliance is accompanied by alterations 
in the extracellular matrix composition such as breast cancer, lung fibrosis, and 
atherosclerosis (15, 32, 67).  
 
  
52 
 
Figure 3.1:  Representative migration tracks for VSMCs migrating on mechanical 
gradient and uniform stiffness gels coated with fibronectin or laminin. Cell 
centroid position was tracked at 20-minute intervals for 18 hours, n=15 randomly 
selected cells per condition. Adapted from Hartman et al., 2016 (66) under 
retained authorship rights. 
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Figure 3.2:  Average VSMC migration velocity on uniform control and gradient 
hydrogels. Values are presented as mean ± standard deviation, n=120 cells from 
n>5 gels for each condition. Adapted from Hartman et al., 2016 (66) under 
retained authorship rights. 
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Figure 3.3:  Average X-displacement of VSMCs migrating on polyacrylamide gels 
coated with fibronectin (red) or laminin (blue) as a function of time. Values are 
presented as mean ± the 95% confidence interval; *, P < 0.05 relative to all other 
conditions. Adapted from Hartman et al., 2016 (66) under retained authorship 
rights. 
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Figure 3.4: Distribution of durotactic index values for VSMCs migrating on 
substrates coated with fibronectin (red) or laminin (blue) with overlaid boxplots 
representing median and quartile values for each distribution. N=120 cells from 
n>5 gels for each condition; *, P < 0.05 relative to all other conditions. Adapted 
from Hartman et al., 2016 (66) under retained authorship rights. 
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Figure 3.5:  Representative migration tracks for NIH 3T3 fibroblasts migrating on 
mechanical gradient and uniform stiffness gels coated with fibronectin, laminin, or 
a 50:50 mix. Cell centroid position was tracked at 20-minute intervals for 18 
hours, n=15 randomly selected cells per condition.  
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Figure 3.6:  Average NIH 3T3 fibroblast migration velocity on uniform control and 
gradient hydrogels. Values are presented as mean ± standard deviation, n=60 
cells from n>2 gels for each condition.  
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Figure 3.7: Average X-displacement of NIH 3T3 fibroblasts migrating on 
polyacrylamide gels coated with fibronectin, laminin, or a 50:50 mix as a function 
of time. Values are presented as mean ± the 95% confidence interval; *, P < 0.05 
relative to all other conditions. 
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Figure 3.8:  Distribution of durotactic index values for NIH 3T3 fibroblasts 
migrating on substrates coated with fibronectin, laminin, or a 50:50 mix with 
overlaid boxplots representing median and quartile values for each distribution. 
N=60 cells from n>2 gels for each condition; *, P < 0.05 relative to all other 
conditions.  
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Figure 3.9:  Representative migration tracks for NIH 3T3 fibroblasts with and 
without treatment with soluble laminin migrating on fibronectin-coated mechanical 
gradients. Cell centroid position was tracked at 20-minute intervals for 18 hours, 
n=15 randomly selected cells per condition.  
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Figure 3.10:  Average NIH 3T3 fibroblast migration velocity with and without 
laminin treatment on fibronectin-coated gradient hydrogels. Values are presented 
as mean ± standard deviation, N>80 cells from n>3 gels for each condition. 
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Figure 3.11: Average X-displacement of NIH 3T3 fibroblasts with and without 
laminin treatment migrating on polyacrylamide gels coated with fibronectin 
Values are presented as mean ± the 95% confidence interval. N>80 cells from 
n>3 gels for each condition. 
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Figure 3.12: Distribution of durotactic index values for NIH 3T3 fibroblasts with 
and without laminin treatment migrating on substrates coated with fibronectin. 
Overlaid boxplots represent median and quartile values for each distribution. 
N>80 cells from n>3 gels for each condition.  
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Figure 3.13:  Kernel density estimation of the distribution of X-displacements for 
cells migrating on gradient substrates coated with fibronectin or laminin at t=2, 6, 
and 18 hours. Adapted from Hartman et al., 2016 (66) under retained authorship 
rights. 
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Figure 3.14:  The fraction of cells exhibiting net positive X-displacements as a 
function of time on control and gradient substrates. N=120 cells from n>5 gels for 
each condition. Adapted from Hartman et al., 2016 (66) under retained 
authorship rights. 
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Figure 3.15:  Schematic showing a model that depicts the way β1 subunit- 
containing integrins regulate ligand binding of αvβ3 integrin in endothelial cells. In 
the basal state, endothelial cells adhere to the rα4LN fragment in a β1 integrin-
dependent manner. Clustering of β1 integrin with ligand (or following incubation 
of cells with β1 integrin function-blocking antibody) leads to activation of PKA. 
PKA phosphorylates inhibitor-1 which when phosphorylated is a potent inhibitor 
of serine/threonine PP1. PP1 regulates the activation state of αvβ3 integrin by 
maintaining the β3 integrin cytoplasmic tail in an unphosphorylated state. Under 
conditions when PKA activity is blocked, αvβ3 integrin-ligand binding is no longer 
inhibited by clustered β1 integrin, and cell adhesion increases 2-fold. In this 
instance, both αvβ3 and α3β1 integrin contribute to overall cell adhesion, and 
their effect is additive. Reprinted from Gonzalez et al. under fair use.  
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Chapter 4. Conclusions and Further Studies 
 
In this dissertation, we developed a method to produce well-controlled, tunable 
mechanical gradient gels that can be uniformly functionalized with extracellular 
matrix proteins and utilized this platform to investigate the effect of different 
extracellular matrix types on cell migration in response to gradients of substrate 
elasticity.  
 
As described in Chapter 2, we designed, fabricated, and characterized 
polyacrylamide mechanical gradient hydrogels that could be produced with 
control over both absolute material properties and gradient strength by 
adjustment of hydrogel composition and gradient dimensions. We used atomic 
force microscope nanoindentation to characterize mechanical profiles of gels with 
different chemical compositions and dimensions and demonstrated gradient gels 
produced using this method could span a range of material stiffnesses from 
hundreds of pascals to hundreds of kilopascals, and that the slope of the 
gradients produced could be predictably altered by manipulating the dimensions 
of the gradient gels. Additionally, it was shown that uniform incorporation of 
extracellular matrix could be achieved by including NHS-ester acrylic acid at a 
uniform concentration in both pre-gel solutions and incubating gels with matrix 
proteins of interest post-polymerization.  
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While the method discussed is highly tunable and capable of minimizing user 
error leading to variance in gel properties, there are a number of potential 
alterations that could simplify the process or offer additional functionality. One 
possible alteration that would render the method more easily accessible is to 
remove the use of maskless lithography in cases where such equipment is not 
available and rapid prototyping of gradients with different dimensions is not of 
interest to users. The photolithography process to pattern glass slides with 
silanes could instead be accomplished by using stencils of well-defined 
dimensions to draw a hydrophobic barrier directly onto a glass slide, either with 
an “ink” solution containing hydrophobic silanes or with a commercially available 
hydrophobic barrier pen (PAP pen). After the boundary ink has dried, stencils 
could be removed and the rest of the slide would be treated with hydrophilic, 
adhesive silanes, and the gel fabrication process could continue as documented 
in Chapter 2.  
 
Another potential modification to the process would incorporate variations in UV 
exposure energy to allow for the production of non-linear gradient profiles. 
Sunyer et al. have reported a method of gradient hydrogel production based on 
the use of programmable linear motors to move a photomask over a gel surface 
during photoinitiation (61). By varying the rate at which the mask exposes the gel 
surface to UV light, they were able to produce gradients in elasticity. Combining 
such an approach with a cross-linker diffusion strategy could allow for predictable 
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generation of non-linear gradients or of complex elasticity profiles with steps in 
stiffness or interspersed regions of uniform stiffness. In addition, moving a 
photomask perpendicular to the direction of the diffusion gradient could allow for 
the control of mechanical profiles in two dimensions. This added complexity of 
this approach could be useful in creating gradient substrates that mimic 
measured in vivo stiffness profiles or for producing substrates for tissue 
engineering with spatial variations in mechanical properties. 
 
Another potential modification of our gel production method would allow for 
measurement of traction forces to be performed for cells migrating on mechanical 
gradients. Briefly, mixing fluorescent microbeads into the pre-gel solutions or 
micropatterning fluorescently labeled protein onto the hydrogel surface would 
enable the optical measurement of deflections in the hydrogel substrates from 
forces applied by attached cells, allowing for the calculation of applied forces. 
One issue in adapting traction force microscopy to mechanical gradients is that 
the local absolute mechanical properties need to be known in order to calculate 
traction forces from displacement vectors. With previous gradient gel production 
methods, high levels of gel-to-gel variability would make estimation of stiffness 
profiles of substrates from imaging data alone error-prone, and mapping each 
sample’s mechanical profile around attached cells with nanoindentation after 
traction measurement would be time consuming. With the gradient fabrication 
method presented in Chapter 2, inter-sample variation is reduced, potentially 
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allowing for mechanical properties to be assumed based on cell location on the 
gradient. Recently, Sunyer et al. used a fluorescent-bead based traction force 
technique to evaluate forces applied by a migrating epithelial cell monolayer. 
Because their measurements were taken over a much larger area (whole cell 
sheet) and forces were shown to cancel out through the center of the cell sheet, 
they were able to use fewer mechanical measurements to characterize gel 
properties at the leading and trailing monolayer edges (88). A similar bead-based 
approach could be applied with the gradient gel generation strategy described in 
Chapter 2. Although additional characterization of consistency of sample 
mechanical profiles at a single-cell length scale would be needed, it is possible 
that improved consistency of mechanical gradients produced based on 
constrained geometry and exact diffusion times could overcome reduce error 
arising from stiffness variability such that traction measurements from single cells 
would be possible. An alternative approach to bead-based traction 
measurements, first described by Polio et al. (86), in which gel displacement is 
measured from movements of fluorescently labeled matrix proteins 
micropatterned on the gel surface, could also potentially be utilized by replacing 
the sacrificial slide used in our gradient generation process (Figure 2.1) with a 
slide micropatterned with a fluorescent protein grid, which would transfer from the 
glass slide onto the gel upon polymerization. The benefit of this method relative 
to bead-based techniques is locations of cell attachment and force application 
are restricted to the fluorescent protein dots being tracked, reducing 
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computational complexity. As with bead-based assays, further assessment of 
mechanical gradient consistency would be needed to validate a method of 
predicting gel stiffness at each point of the micropattern to convert pattern 
displacements to traction forces.  Such measurements could be used to help 
assess whether directed migration on fibronectin-coated gels arises due to an 
imbalance in applied traction forces at the leading and trailing edges of cells with 
respect to the direction of the gradient. Additionally, traction measurements could 
be compared across fibronectin and laminin to determine if there are differences 
in the magnitude of applied forces on gradients coated with different extracellular 
matrix types, which could be a contributing factor in observed differences in cell 
migration behavior. 
 
In Chapter 3, we characterized migration of VSMCs and NIH 3T3s on mechanical 
gradients coated with fibronectin, laminin, or a mixture of fibronectin and laminin. 
In both sets of migration experiments, biased migration in the direction of 
increasing substrate stiffness was observed when only fibronectin was available 
for cell migration and attachment, while random migration with velocities 
comparable to cells on fibronectin was observed on gradients coated with only 
laminin. Additionally, fibroblasts seeded on gradient gels coated with both 
fibronectin and laminin were observed to migrate randomly, and cells treated with 
soluble laminin prior to seeding were observed to migrate randomly on 
fibronectin-coated gradients.  
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The observation that VSMCs and NIH 3T3s are capable of undergoing durotaxis 
on mechanical gradients coated with fibronectin but do not exhibit this behavior 
on laminin indicates that the ability of cells to sense and respond to variations in 
substrate stiffness may be extracellular matrix type-dependent, but the 
mechanisms underlying this matrix-dependent response are currently unknown. 
It is well-documented that different integrin subtypes engage different matrix 
proteins, and thus mechanical interaction between cells and underlying 
substrates are mediated by different integrin-ECM pairings, which can vary not 
only in their bond strengths but also in their dynamics of adhesion formation and 
turnover (89–93). It is possible that such differences in the dynamics of integrin-
extracellular matrix bond pairs could lead to variations in the response of cells to 
stiffness gradients coated with fibronectin or laminin. Recent work by Elosegui-
Artola and colleagues has shown that, even for a single type of matrix, cell 
attachment via different integrins can result in changes in traction forces exerted 
by cells as a function of stiffness, leading to the hypothesis that different integrins 
may be “tuned” to different environmental stiffnesses (50). Future experiments to 
evaluate whether VSMCs and NIH 3T3s exhibit this integrin-type dependent 
behavior, as well as whether differences in a cell’s ability to generate tension on 
different types of matrix could lead to matrix-dependent changes in a cell’s 
sensitivity to stiffness gradients, would help clarify the mechanisms underlying 
the results reported here.  
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The lack of observable durotaxis on gradient gels coated with a mixture of 
fibronectin and laminin and the loss of durotaxis in cells treated with soluble 
laminin before seeding on fibronectin suggest that the mechanism by which NIH 
3T3s respond to stiffness gradients coated with multiple extracellular matrix 
protein types bound by different integrins is not a simple interpolation between 
responses to individual matrix coatings, but rather may involve additional 
regulatory elements. It is possible differences in integrin expression levels, 
binding strength, and turnover rates could result in different levels of sensitivity to 
the presence of different ECM proteins. Furthermore, there is evidence that the 
binding state of a given integrin type can alter the activity of other integrins 
through various cross-talk pathways (87, 94–98). One example of a reported 
integrin cross-talk pathway that could potentially lead to an apparent insensitivity 
of cells to the presence of fibronectin on mixed matrix gradients is cross-talk 
between α6β1, which binds laminin-1, and αvβ3, which binds fibronectin and 
vitronectin (87). Gonzalez and colleagues provided evidence that the binding of 
laminin-1 by the α6β1 integrin may result in cross-talk between β1 integrin 
clusters and αvβ3 integrins through a PKA-dependent signaling pathway 
regulating the phosphorylation state of the β3 integrin cytoplasmic domain, 
ultimately diminishing a cell’s ability to attach to fibronectin via the αvβ3 (Figure 
3.15). They report that endothelial cells treated with antibodies to activate 
β1 integrin clustering become incapable of strongly adhering to vitronectin coated 
surfaces via the αvβ3 integrin, but do not report whether adhesion to fibronectin, 
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for which multiple integrin pairs are capable of binding, was affected. It is 
conceivable that cross-talk from a laminin-binding integrin affecting one 
fibronectin-binding integrin may reduce its activity relative to another that is not 
targeted by the same cross-talk pathway. In addition to αvβ3, fibronectin is bound 
by a number of other integrin pairs, including α5β1, which like the αvβ3 integrin is 
capable of binding the RGD amino acid sequence (99). There is some evidence 
that the αvβ3 and α5β1 integrins may have different contributions to cell 
adhesion and mechanotransduction, with αvβ3 being more sensitive to force and 
α5β1 being less sensitive but producing stronger adhesions, and that cells are 
capable of binding and migrating on fibronectin via the α5β1 integrin when αvβ3 
is inhibited, but in a manner that is less directionally persistent than when αvβ3 is 
present (100, 101).  
 
Given evidence that cross-talk pathways could potentially alter a cell’s migratory 
behavior by modulating the activity of different integrin-ligand pairs, studies 
should be designed to investigate whether such cross-talk pathways could be 
responsible for the lack of observed durotaxis in migrating fibroblasts on mixed 
fibronectin- and laminin-coated gradients. As a first step in assessing whether 
such a phenomenon could be occurring, in Chapter 3 we tracked the migration of 
cells on fibronectin-coated mechanical gradients after the cells had been treated 
with soluble laminin. We found that untreated cells exhibited biased migration in 
the direction of increasing gel stiffness, but cells treated with laminin migrated 
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randomly. While this experiment cannot implicate any specific set of integrins or 
cross-talk mechanisms, the results do suggest that the presence of laminin, even 
when not utilized for binding to the substrate surface, can alter the ability of cells 
to detect and/or respond to mechanical gradients through binding to fibronectin. 
Given this observation, it will be important to systematically investigate whether 
cross-talk is occurring between specific integrin sets. There are a number of 
experiments that could be done using the gradient migration system described in 
this dissertation that would use the directedness or randomness of cell migration 
as the readout in assessing potential involvement of cross-talk pathways. It 
would be interesting to determine whether treating fibroblasts with a function-
blocking antibody to α6β1 integrins that induces integrin clustering alters the 
migration of cells seeded on fibronectin-coated gradients. As the α6β1 integrin 
should not interact with fibronectin, a loss of durotaxis behavior after such 
treatment would provide support for cross-talk through this specific integrin as a 
regulator of a cell’s ability to respond to gradients in environmental stiffness in 
the presence of fibronectin. In a similar manner, the migration of cells on 
fibronectin-coated gradients treated with function-blocking antibodies to αvβ3 
integrins could be assessed to determine whether the activity of this integrin 
contributes to durotaxis behavior.  Additionally, cells in which laminin-binding 
integrins have been knocked out could be tracked on mixed-protein matrices to 
see if migration is still random when laminin is present on gel surfaces but the 
only binding sites possible for the cell to use are located on fibronectin. 
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Additionally, an inhibitor of PKA could be used to evaluate whether preventing 
PKA upregulation from β1 integrin clustering would result in changes to the 
migration of 3T3s on mixed-gradients.  
 
In addition to prospective studies evaluating the possible role of integrin cross-
talk in regulating cellular responses to mechanical gradients, there are a variety 
of other avenues of investigation that could be explored. First, given previous 
work from our lab reporting that the extent of durotaxis observed in VSMCs on 
collagen-coated gradients is gradient strength dependent, it would be important 
to assess whether migration on laminin-coated gradients is random independent 
of gradient strength or if directed migration is still possible but can only be 
observed at much higher or lower gradient strengths or at different ranges of 
absolute stiffness than what we have tested to date. Second, while we chose to 
evaluate responses to fibronectin and laminin because of previous studies 
suggesting that these proteins could differentially regulate cell behaviors, they 
are hardly the only relevant components of extracellular matrix. Durotaxis has 
also previously been studied on type-1 collagen-coated gradients, but to our 
knowledge, other matrix proteins, including elastin and other collagen and 
laminin subtypes, have not been evaluated. The system described in this 
dissertation could be used to assess the cell response to mechanical gradients 
with a wider variety of matrix types individually and in combinations with different 
concentrations of matrix types. Additionally, it would be interesting to assess 
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whether the observed responses to fibronectin and laminin are also observed in 
a wider variety of cell types, particularly for cells such as neurons that have been 
observed to turn towards regions of reduced stiffness when migrating in vitro 
(102). 
 
Experiments could also be performed to assess whether the responses to 
laminin and fibronectin documented in this dissertation are concentration 
dependent, particularly for the case of mixed-protein gradients, where only a 
50:50 ratio by mass was explored. Finally, it may also be possible to use the 
gradient gel fabrication method detailed here to study the cellular response to 
coincidental gradients of mechanical strength and extracellular matrix 
concentration by creating a gradient in adhesive ligand linking molecules through 
diffusion in the same or opposite direction of the gradient in cross-linker 
concentration prior to polymerization. As there is increasing evidence some in 
vivo gradients in stiffness coincide with changes in the local extracellular matrix 
concentration and composition in disease stiffnesses (30–32), in vitro mechanical 
gradient substrates capable of mimicking both mechanical and extracellular 
matrix composition gradients will be useful in gaining an understanding of cellular 
responses to such complex environments. The collective results of these 
suggested studies could generate a library of cell responses to mechanical 
gradients with different extracellular matrix availabilities to aid in the design of 
complex engineered tissues, for which control over the positioning and migration 
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of one or more cell types may be desirable.  
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